Bacteriophage T4 DNA polymerase has a proofreading 3' -+ 5' exonuclease that plays an important role in maintaining the accuracy of DNA replication. We have constructed a T4 DNA polymerase deficient in this exonuclease by converting Asp-219 to Ala. The exonuclease activity of the mutant T4 DNA polymerase has been reduced by a factor of at least 107, but it retains a polymerase activity whose kinetic parameters, k at, Kd DNA, and Kd dATP, are very (17-20) . We wished to construct a mutation in T4 DNA polymerase that would remove this exonuclease activity, without altering the polymerase activity, in order to evaluate the role of the exonuclease in maintaining the fidelity of DNA replication and to facilitate kinetic studies of the mechanism by which T4 DNA polymerase alone catalyzes DNA synthesis. Previous studies from one of our laboratories (21) to define a minimal kinetic scheme for T4 DNA polymerase (Scheme I) were complicated by the vigorous exonuclease activity of this enzyme. Exonucleasedeficient enzymes of T7 DNA polymerase (22, 23) and E. coli DNA polymerase I (Klenow fragment) (24) have played integral roles in the delineation of their kinetic mechanisms.
of the wild-type enzyme. Bacteriophage T4 with the mutant polymerase gene has a markedly increased mutation frequency. Asp-219 in T4 DNA polymerase is within a sequence similar to those surrounding Asp residues previously shown to be essential for the exonuclease activities of the Klenow fragment of Escherichia coli DNA polymerase I (Asp-424), bacteriophage 429 DNA polymerase (Asp-66), and Saccharomyces cerevisiae DNA polymerase 6 (Asp-405). Thus, these studies support the proposal that there are similar sequences in the active sites for the proofreading exonucleases of these and related DNA polymerases.
Bacteriophage T4 DNA polymerase, one of the fastest and most accurate polymerases known, is a key component of the multienzyme complex responsible for replication of the viral genome in vivo. T4-encoded proteins including T4 DNA polymerase (gene 43), the genes 44/62 and 45 polymerase accessory proteins, gene 32 single-stranded DNA binding protein, and the genes 61 and 41 primase-helicase can be combined to reconstitute an in vitro replication system capable of leading-and lagging-strand DNA synthesis (reviewed in refs. [1] [2] [3] . This T4 system exhibits properties closely resembling its in vivo counterpart and is thus an excellent model system for studies of T4 DNA replication. Moreover, recent reports have demonstrated distinct functional and structural similarities between the T4, Escherichia coli, and eukaryotic DNA replication proteins. The amino acid sequence of T4 polymerase, a single polypeptide of 898 residues (4), has several colinear regions where it shows homology with those of a large family of DNA polymerases that include human polymerase a and yeast polymerases a, e, and 8 (4) (5) (6) (7) (8) (9) . In each replication system, there is a complex of polymerase accessory proteins that increases the processivity of the polymerase. One member of each complex is a multisubunit protein with a DNA-stimulated ATPase (T4 44/62, E. coli y complex, eukaryotic RF-C) that is stimulated by another accessory protein [T4 45, E. coli f3, eukaryotic PCNA (proliferating cell nuclear antigen)] (10-16).
To fully understand the mechanism by which the replication complex carries out processive and highly accurate DNA synthesis, it is important to understand the role of each individual component upon which a complete model of the active complex can be built. T4 DNA polymerase has a 3' --5' exonuclease activity that has been shown to increase the accuracy of synthesis by removing nucleotides incorrectly incorporated by the polymerase (17) (18) (19) (20) . We wished to construct a mutation in T4 DNA polymerase that would remove this exonuclease activity, without altering the polymerase activity, in order to evaluate the role of the exonuclease in maintaining the fidelity of DNA replication and to facilitate kinetic studies of the mechanism by which T4 DNA polymerase alone catalyzes DNA synthesis. Previous studies from one of our laboratories (21) to define a minimal kinetic scheme for T4 DNA polymerase (Scheme I) were complicated by the vigorous exonuclease activity of this enzyme. Exonucleasedeficient enzymes of T7 DNA polymerase (22, 23) and E. coli DNA polymerase I (Klenow fragment) (24) have played integral roles in the delineation of their kinetic mechanisms.
The active site for exonuclease must be toward the N terminus ofT4 polymerase, since the protein made by the B22 amber mutant, missing the C-terminal 20% of the intact protein, retains an altered exonuclease but lacks the polymerase activity of the wild-type enzyme (25) . Analysis of the crystal structure of the Klenow fragment of E. coli polymerase I and the enzymatic activities of its mutants indicate that Asp-424 is involved in coordination of a metal ion and is essential for exonucleolytic cleavage (26) (27) (28) (29) . Amino acid sequence comparisons (6) (32) from the mutation creating the D219A polymerase. Nonamber recombinant progeny were identified by plating on E. coli B, and total phage progeny were titered on E. coli CR63. Wild-type and D219A recombinant phage were produced at frequencies of 4.9 and 6.6 x 10-2, respectively. The am4306 polymerase mutation was poorly suppressed in this host; few progeny phage (<1 x 108 per ml) were found when the phagemids encoding polymerase were replaced by the vector. Individual plaques from the E. coli B plates were suspended in 0.3 ml of broth overnight at 4°C and titered on E. coli B at 30°C to determine the total phage and the phage resistant to acriflavine (0.5 ,ug/ml) in each plaque.
Kinetic Analysis. All kinetic experiments were carried out in an assay buffer consisting of 67 mM Tris-HCl, pH 8.8/10 mM 2-mercaptoethanol/60 mM NaCl at 20°C unless otherwise indicated and are described in their respective figure legends. The sequence of the 13/20-mer primer-template is shown in the legend of Fig. 1 . All rapid quench studies were performed with the instrument described by Johnson (33) . Except as indicated, product analysis and rate profiles were done as described (21) .
RESULTS
Preliminary Screening of Mutant T4 DNA Polymerases. Our construction of mutants in T4 DNA polymerase likely to be defective in exonuclease activity was guided by the sequence analysis of Bernad et al. (6) , who suggested that T4 polymerase residues Asp-189, Glu-191, and Asp-219 were analogous, respectively, to Asp-355, Glu-357, and Asp-424 in the Klenow fragment of E. coli polymerase I (see Discussion). The phagemid in which T4 DNA polymerase Asp-219 was replaced by alanine expressed polymerase at a high level comparable to the wild type. Preliminary analysis (data not shown) suggested that this mutant polymerase was exonuclease deficient. Phagemids in which both Asp-189 and Glu-191 were replaced by alanine made little or no polymerase, judged by SDS/polyacrylamide gel electrophoresis and by polymerase assays of the extracts. The entire polymerase gene in the phagemid encoding the D219A mutation was sequenced as described. This sequence was identical to that of the wild type (4) except for the D219A (GAC --GCC) mutation.
Polymerase Activity of the D219A Mutant Polymerase. If the exonuclease-deficient mutant is to facilitate kinetic studies, it should exhibit properties similar to the wild-type T4 polymerase in all but its exonuclease activity. A preliminary experiment was performed to evaluate the pre-steady-state and steady-state kinetics of single nucleotide incorporation by the D219A mutant. In these experiments, the enzyme is provided with only the next correct nucleotide limiting the reaction to a single base incorporation per substrate molecule. For the 13/20-mer DNA substrate shown in the legend of Fig. 1 , dATP is the next correct nucleotide. Upon its incorporation, the 13/20-mer is converted to 14/20-mer product. The resulting time course revealed an initial burst phase followed by a second slower phase (Fig. 1) . The burst phase corresponds to the turnover of all initial enzyme-bound species. The slower steady-state phase is characteristic of a slow release of product DNA and rebinding of substrate (multiple turnovers) (21) . Extrapolation of the steady-state data to the product intercept (of the ordinate) is representative of the DNA-enzyme complexes formed during preincubation and trapped by dAMP incorporation. The burst amplitude and both the pre-and steady-state rate constants were comparable to those observed for the wild-type polymerase (Table 1) .
Comparison of the Exonuclease Activities of the Wild-type and D219A Mutant T4 DNA Polymerases. To determine the magnitude of the loss of exonuclease activity of the mutant D219A T4 DNA polymerase, a rapid quench experiment was performed to compare the activities of the purified wild-type and exonuclease-deficient enzymes on single-stranded DNA substrate. The data in Fig. 2 indicate that the mutant displays no detectable exonuclease activity, placing the rate constant at <1 x 10-5 sec-1, compared to 100 sec-1 for the wild-type T4 DNA polymerase. Therefore, the exonuclease activity for the D219A polymerase has been lowered by a factor of at least 107 compared to the wild-type enzyme.
Equilibrium Dissociation Constant, Kd, of the 13/20-mer and T4 D219A Exonuclease-Deficient DNA Polymerase. As described above, the polymerization time course for the wild-type and mutant T4 polymerases is biphasic in nature. (Fig. 3) greatly increases the frequency of acriflavine-resistant mutants ( Table 2 ). The number of phage recovered from each D219A plaque was significantly reduced, presumably due to the increased frequency of lethal mutations, and the plaque morphology was extremely heterogeneous, as expected for a strong mutator polymerase.
Equilibrium Dissociation Constant, Kd, for dATP Binding to the T4 D219A Polymerase-13/20-mer Complex. The Kd for dATP binding to the T4 polymerase-DNA complex was derived from the computer simulation of each time course after addition of dATP to all initial E-D complexes (Fig. 4) . Products were analyzed as described. Solid curves were ultimately generated by computer simulation using the KINSIM program and the kinetic sequence in Scheme I.
coli DNA polymerase I and phage T7 polymerase (4-9, 35, 36). The crystal structure of the Klenow fragment of E. coli polymerase I suggests that its exonuclease active site is in the N-terminal portion of the polypeptide in a separate domain from the polymerase (26) (27) (28) (29) . Mutagenesis of any of three carboxylic acid amino acids (Asp-355, Asp-424, and Asp-501) greatly decreased the exonuclease, but not the polymerase, activity of the Klenow fragment (28) . Each of these residues has been shown to interact directly with one or both of the two metal ions that are essential for exonucleolytic cleavage by this enzyme (26) (27) (28) (29) . Mutations of Glu-357 decrease the exonuclease activity less severely, and this residue is now thought to play a role in the hydrolytic reaction other than metal binding (28, 29) .
There is now strong evidence that polymerase B family members have amino acids essential for their exonuclease activity that are located within sequences homologous to the sequences containing the essential residues in the Klenow fragment. T4 DNA polymerase Asp-219 is within a sequence similar to that of Klenow Asp-424. We have shown that conversion of Asp-219 to alanine yields a mutant enzyme lacking any measurable exonuclease, whose polymerase is comparable to the wild type. Bacteriophage T4 with this D219A polymerase have a very strong mutator phenotype ( Table 2 ). The corresponding mutation in phage 429 (D66A) (6) and in Saccharomyces cerevisiae DNA polymerase 8 (D405A) (35) also gives a polymerase with decreased exonuclease activity. Changing the residues corresponding to Klenow Asp-355 and Glu-357 to alanine has been shown to give decreased exonuclease in T7 DNA polymerase (polymerase A family) (23) and phage 029 (6) , decreased exonuclease and a mutator phenotype in yeast pol e (36) , and a mutator phenotype in yeast pol 8 (35) . Bernad et al. (6) Table 1 ). Given that the polymerase activity and the dissociation constants for dNTP and DNA were virtually unchanged compared to wild type, we examined the magnitude of the reduction of exonuclease activity for the D219A mutant. Exonuclease activity for both the wild-type and D219A enzymes was measured on the same single-stranded DNA substrate. As shown in Fig. 2 , no measurable exonuclease activity was detected by our methods for D219A. Thus, the exonuclease activity of this mutant has been decreased by a factor of at least 107. This loss of activity is of the same order of magnitude as those for exonuclease-deficient mutants of T7 DNA polymerase (23) and the Klenow fragment (24) .
These studies demonstrate that a single amino acid change, D219A, decreases the exonuclease activity of T4 DNA polymerase by a factor of at least 107 without significantly changing its polymerase activity or substrate binding constants. This mutant polymerase is an excellent candidate for replacement of the wild-type protein in kinetic studies and will be useful for determination of kinetic characteristics of DNA replication carried out by bacteriophage T4 DNA polymerase that are not readily accessible with the wild-type enzyme.
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